[1] We examined how landscape hydrogeologic characteristics influence groundwater nitrate removal by eight stream riparian sites on glacial till and outwash landscapes in southern Ontario, Canada. During high water table periods in 2000 -2002 -N input concentrations from adjacent cropland to the riparian sites ranged from 0.15 to 44.7 mg L À1 . Seven of the eight sites had a mean nitrate removal efficiency of >90%. This removal occurred within the first 15 m of the riparian zone at three sites with loamy sand and sandy loam soils overlying a shallow confining layer at 1-2 m. However, at four of five sites with more conductive sand and cobble sediments the width required for 90% nitrate removal varied from >25 m to a maximum of 176 m at a site with a confining layer at 6 m. Sites linked to an extensive thick (>6 m) upland aquifer with a slope gradient of >15% at the riparian perimeter had high nitrate inputs throughout the year and were large nitrate sinks. Sites with gentle topography (<4-5%) and <2 m of permeable sediments were minor nitrate sinks because of small nitrate inputs that were limited to the late autumn-spring period. A conceptual model linking landscape hydrogeologic characteristics to riparian zone nitrate removal capacity is developed to understand and predict the effectiveness of riparian buffers at the landscape scale.
Introduction
[2] Research in the past 20 years has frequently shown that stream riparian zones are critical control points that regulate nitrate transport in shallow groundwater from agricultural land to aquatic systems [Peterjohn and Correll, 1984; Lowrance, 1992; Haycock and Pinay, 1993; Jordan et al., 1993; Gilliam, 1994; Hill, 1996] . Many studies of riparian zones in several areas of the USA and in other locations in Canada, England, New Zealand, France and Denmark have reported that nitrate concentrations of subsurface inputs decline by >90% within riparian areas [Hill, 1996; Dosskey, 2001] . In contrast, nitrate reduction of only 44-48% occurred in riparian sites in Maryland and Virginia Snyder et al., 1998 ], and other studies have shown that nitrate-rich groundwater may flow under riparian zones and discharge to streams [Bohlke and Denver, 1995; Burt et al., 1999] .
[3] Researchers have frequently reported that nitrate depletion in subsurface water occurs within 10-20 m from the field-riparian boundary [Lowrance et al., 1984; Peterjohn and Correll, 1984; Haycock and Pinay, 1993; Bohlke et al., 2002] . However, nitrate depletion only occurred after groundwater was transported >100 m across a riparian zone in southern Ontario, Canada [Devito et al., 2000a] . This evidence of large variations in nitrate removal effectiveness among riparian zones underscores a critical need to improve our ability to understand and predict the nitrate removal capacity of riparian areas in a range of landscapes.
[4] Hydrology exerts a strong control on the extent to which denitrification and vegetation uptake influence nitrate removal in riparian zones and several researchers have suggested that landscape hydrogeology can provide an important framework for understanding differences in riparian zone nitrate removal capacity [Schnabel et al., 1994; Hill, 1996; Lowrance et al., 1997; Baker et al., 2001] . The hydrogeologic setting encompasses the location of the riparian zone in the catchment in relation to surface and groundwater flows as well as geologic characteristics such as topography, stratigraphy and hydraulic properties of soils and underlying materials that influence water flow and chemistry.
[5] The size of upland aquifers controls the magnitude and seasonality of subsurface flow and element inputs to riparian areas [Hill, 2000; Vidon and Hill, 2004] . The size and seasonality of upland hydrologic connections influence riparian zone water table fluctuations and the extent of surface saturation, with consequent effects on water chemistry and the development of anaerobic conditions favorable to nitrate removal by denitrification [Roulet, 1990; Hill and Devito, 1996; Devito and Hill, 1997] .
[6] The depth and permeability of saturated sediments overlying a confining layer in riparian zones can influence water residence times and hydrologic flow paths [Schnabel et al., 1994; Correll, 1997] . A confining layer at a shallow depth increases the interaction of subsurface flow with vegetation root systems and organic-rich surface soil and enhances the potential of the riparian zone for nitrate removal [Hill, 1996] . Conversely, when the confining layer is absent, nitrate rich groundwater can be carried at depth bypassing the riparian zone [Bohlke and Denver, 1995; Puckett et al., 2002] . The permeability of riparian sediments can also modify the subsurface flow path. Sediments with low hydraulic conductivities can divert water upward and create seeps forcing water to bypass part of the riparian zone as overland flow which may reduce nitrate removal effectiveness [Hill, 1990; Brusch and Nilsson, 1993; Burt, 1997] .
[7] Topography also affects the hydrological functioning of riparian zones and has an impact on their nitrate removal efficiency [Devito et al., 2000b] . A concave riparian profile typically favors interactions between subsurface water and surface soil horizons where denitrification and root uptake are likely to occur, whereas a convex topography favors deeper water tables and subsurface flow paths. Slope gradients at the upland-riparian zone margin influence the water table gradient and the magnitude of inputs to the riparian zone [Vidon and Hill, 2004] .
[8] Although recent research suggests that lithology and topography play an important role in controlling nitrate removal in stream riparian zones, researchers have not studied whether these characteristics can be used together to understand and predict the nitrate removal effectiveness of various riparian zones. Moreover, with the exception of a few studies Burt et al., 2002; Sabater et al., 2003] , researchers have examined individual sites and there is a need to conduct a comparative analysis of the effectiveness of riparian zones in landscapes that differ in hydrogeologic characteristics.
[9] In order to quantify nitrate removal in riparian zones, nitrate removal efficiency is generally defined as a decline in nitrate concentration across the riparian zone expressed as a percentage of the concentration at the riparian zone margin Martin et al., 1999] . The width of the riparian zone necessary to deplete inputs can also be used to assess the nitrate removal effectiveness of riparian zones [Lowrance, 1998] . It is also important to consider the magnitude of the riparian zone nitrate removal capacity. This requires the measurement of nitrate fluxes across riparian zones instead of a focus on nitrate concentration patterns. A riparian zone may have a high nitrate removal efficiency but fluxes may be very small or seasonally absent. Conversely, some riparian zones may display a lower efficiency but receive high nitrate loading throughout the year and therefore be larger nitrate sinks at the watershed scale. In order to fully comprehend the role of riparian zones as water quality buffers, it is therefore essential to assess the effectiveness of various types of riparian zones based on nitrate concentration patterns as well as their role as nitrate sinks based on nitrate flux estimates.
[10] In this study, we examine how landscape hydrogeologic characteristics (upland aquifer size, riparian sediment lithology, topography) affect nitrate removal in eight riparian sites located on glacial till and outwash landscapes in southern Ontario, Canada. The riparian zones were selected to provide a range of contrasting hydrogeologic settings. The comparison of the nitrate removal effectiveness of these riparian zones focuses on two main questions: (1) How do landscape characteristics influence riparian zone nitrate removal efficiency and the width of the riparian area required to deplete inputs? (2) How do landscape characteristics influence the magnitude of subsurface N inputs to riparian areas and their importance as nitrate sinks? Our understanding of nitrate removal in riparian zones is used in the concluding section of the paper to develop a conceptual framework that links landscape hydrogeologic characteristics to nitrate removal effectiveness.
Study Area
[11] The study sites are located in agricultural watersheds in southern Ontario near Toronto (Figure 1 ). The annual precipitation in the area is 800 -900 mm/yr with 120 -240 mm falling as snow between December and April [Singer et al., 1997] . The mean annual temperature is 7.2°C with a mean January temperature of À6.7°C and a mean July temperature of 20.5°C. Spring snowmelt in MarchApril is the main runoff period and lowest stream discharge occurs in July -August when evapotranspiration is highest.
[12] The physical characteristics of the study sites are summarized in Table 1 . Two of the riparian sites are located to the west of the Niagara escarpment on the Eramosa and Speed rivers, fourth-and second-order streams, respectively, that flow in former glacial meltwater channels, bordered by extensive gravel terraces. The gently sloping Speed River riparian zone and adjacent upland are underlain by a 3 m thick coarse gravel deposit (Figure 2d ). This deposit has saturated hydraulic conductivities (Ks) of 10 À4 cm s À1 and overlies substrates with low Ks values (10 À6 cm s À1 ) forming a confining layer for groundwater flow [Vidon and Hill, 2004] . The 750 m long upland at the Eramosa site is underlain by coarse gravel sediments which are 9 -10 m thick along the steep valley slope at the fieldriparian perimeter. At the slope base, 2.5 m of loamy-sand and coarse gravel (Ks = 10 À4 cm s À1 ) thins rapidly downslope where a 1 m thick peat deposit with Ks values of 10 À5 cm s À1 extends toward the river (Figure 2a ). Beneath the gravel and peat deposits, a clay till forms a confining layer (Ks = 10 À6 cm s
À1
) throughout the riparian zone [Vidon and Hill, 2004] .
[13] The Road 10 and Boyne River riparian sites are located on the Alliston sand plain that forms an unconfined 9 -12 m thick aquifer underlain by a thick sequence of silts and clays [Devito et al., 2000a] . The Boyne River site is located along a fifth-order stream in a valley incised approximately 10-12 m below the adjacent upland sand plain surface. The topography at this site is concave with a very steep slope at the field-riparian zone boundary and a flat wide riparian zone extending to the channel. Peat deposits (Ks = 10 À6 to 10 À5 cm s
) thicken from 0.5 m at the valley side to 3 m within the riparian area [Devito et al., 2000a] . The peats overlie fine sands containing layers of coarse sand and fine gravel with Ks values of 10 À3 cm s
. A regionally extensive clay underlies the sands and gravels at depths of approximately 6 m beneath the floodplain (Figure 2b ). The Road 10 site is adjacent to a first-order tributary of the Nottawasaga River and has an initial small drop of approximately 1 m in elevation at the field edge and then a relatively flat riparian area leading to the stream. The soils at this site are mainly sands (Ks = 10 À3 cm s À1 ), however a loamy-sand layer with lower Ks values of 10 À5 cm s À1 extends across the riparian zone at depths of 1 to 3 m (Figure 2c) .
[14] The other riparian sites are located on glacial till (Maskinonge, Ganatsekiagon and Highway 27) or outwash silt (Vivian). The length of the upland contributing subsurface flow to these riparian zones ranges from 230-400 m ( Table 1 ). The Maskinonge and Highway 27 riparian zones have a concave topography with moderate to steep slopes at the upland perimeter and level terrain near the streams. Soils at the riparian perimeter and in the adjacent upland at the Maskinonge site are loamy sands that extend to a depth of 2 m and have Ks values of 10 À4 cm s
. At greater depths, a dense till (Ks = 10 À7 cm s
) restricts subsurface flow [Vidon and Hill, 2004] . Within the riparian zone, peats with Ks values of 10 À5 and 10 À6 cm s À1 increase in thickness to a maximum of 2.7 m (Figure 2e ).
[15] The soil profile at the strongly sloping Ganatsekiagon site is composed of a coarse sandy ablation till with thin layers of gravel (Ks = 10 À3 cm s
) between 50 and 100 cm. A dense basal till with Ks values of 10 À6 cm s
restricts subsurface flow to depths <1.4 m in both the riparian zone and the adjacent upland (Figure 2f ). The Highway 27 site is developed on a dense sandy loam till (Ks = 10 À7 cm s À1 ) that forms a confining layer at a depth of 1.2 m at the field-riparian zone margin. The soil above the confining layer is a sandy loam (Ks = 10 À4 to 10 À5 cm s
) near the field boundary changing to loamy sand and sands near the stream (Figure 2g) . The topography at the Vivian site is almost flat and an outwash silt with Ks values of 10 À6 to 10 À7 cm s À1 forms an aquitard that varies in depth from 0.9 m at the riparian perimeter to 1.4 -1.5 m near the stream. The soil overlying this confining layer in the riparian area is a sandy-loam (Ks = 10 À5 cm s
) near the perimeter and loamy-sand mixed with gravel between 50-90 cm (Ks = 10 À4 cm s À1 ) toward the stream (Figure 2h ).
[16] The Boyne and Eramosa riparian zones are forest sites dominated mainly by white cedar (Thuja occidentalis L.). The other riparian sites are covered with an herbaceous plant community with scattered shrubs and deciduous trees. All riparian sites are located downslope from fertilized cropland. The adjacent agricultural areas at the Boyne River and Road 10 sites were cultivated with potatoes for the past 20 years, whereas corn was usually the main crop at the other riparian sites for periods of >5 years. Potato crops received 170 -250 kg ha À1 yr À1 of fertilizer nitrogen as ammonium nitrate and application of fertilizer for corn generally ranged between 80 and 90 kg N ha À1 yr
.
Methods
[17] An extensive network of wells and piezometer nests was installed extending from the field-riparian zone margin to the stream at each riparian site. For most sites, a main and a secondary transect of wells and piezometers were installed 20 -80 m apart. Each piezometer nest, that was used to The first value indicates the gradient of the steepest section of the riparian zone at the upland/riparian boundary, and the second indicates the slope gradient of the remaining part of the riparian zone.
monitor water quality and hydraulic heads at various depths, consisted of piezometers constructed from 1.27 cm ID PVC pipe with 20 cm long slotted ends installed at depths between 0.5 and 5.5 m depending on sites. The water table level was monitored using standard techniques [Freeze and Cherry, 1979] using groundwater wells (ID 5.1 cm ABS pipe, 1.5 to 2 m long) perforated throughout their length beneath the ground surface. When necessary, a bentonite clay seal was used to prevent contamination by surface water. Wells were installed at most piezometer nests and at various other locations within the riparian sites.
[18] Saturated soil hydraulic conductivities were measured in piezometers and wells using the Hvorslev water recovery method [Freeze and Cherry, 1979] . Groundwater levels and hydraulic heads were measured at least once a month beginning between March 2000 (Maskinonge, Ganatsekiagon and Vivian sites) and July 2000 (Road 10 and Speed sites) until September 2002. The topography of the sites and the elevation and position of all wells and piezometers were determined using a total station. Samples for water chemistry were collected from piezometers at least once a month. In most months sampling dates for each riparian zone did not differ by more than a few days. Nitrate-N and Cl À concentrations were analyzed by standard techniques for automated wet chemistry [Technicon, 1977; Environment Canada, 1979] .
[19] Considerable vertical variations in groundwater chemistry and sediment hydraulic conductivities may occur in riparian aquifers. The mean groundwater nitrate concentration in the vertical dimension at the riparian perimeter and at locations within the riparian zone along the groundwater flow path was determined by weighting nitrate concentrations in each soil horizon above the confining layer by the soil hydraulic conductivity of the horizon:
where Ks i is the saturated soil hydraulic conductivity (cm s
À1
) of horizon i, C i the nitrate concentration in horizon i (mg N L
) and C the mean nitrate concentration in the vertical dimension (mg N L
). Wells that extended through the riparian aquifer to the top of the confining layer also provided data on mean groundwater nitrate concentration at the perimeter and within the riparian zone.
[20] Nitrate concentration patterns across the riparian sites were used to determine the overall nitrate depletion (% input) and the distances (m) necessary to achieve a 50% (d 50 ) and a 90% (d 90 ) nitrate removal. The influence of dilution by another water source on nitrate decline along the groundwater flow path was determined by measuring changes in nitrate concentration relative to the concentration of chloride, as a conservative ion [Altman and Parizek, 1995] . When progressive declines in chloride concentrations indicated dilution within the riparian zone, groundwater nitrate concentrations were adjusted for the dilution factor before calculating the nitrate decline that resulted from removal processes [Sabater et al., 2003] .
[21] Water fluxes entering each riparian zone at the perimeter were calculated using Darcy's law:
where Q is the water flux (L day À1 ); Ks is the saturated soil hydraulic conductivity (m day À1 ); and dh/dl is the hydraulic gradient comprising the change in hydraulic head (h) between two adjacent equipotential lines with distance (l) along the direction of flow. Variations of Ks in relation to lithology in piezometer nests adjacent to the riparian perimeter were used to calculate fluxes for each layer of the soil profile extending from the top of the water table for that date to the top of the confining layer. The area A of each of the layers parallel to equipotential lines was estimated as the product of saturated thickness times a riparian perimeter length of 1 m. Fluxes for each of the layers were then added to provide an estimate of the groundwater flux (Q) entering each riparian zone.
[22] Nitrate fluxes entering each riparian site at the perimeter were calculated by multiplying the water flux (L day
) by the mean nitrate concentration (mg N L
) at the perimeter. The mass of nitrate removed daily across each riparian zone was determined using the subsurface nitrate flux at the perimeter (g N day À1 m À1 length) and the overall nitrate removal (% input) estimated from changes in nitrate concentration across each riparian zone.
Results

Riparian Groundwater Flow Paths and Nitrate Concentrations
[23] The hydrology of the riparian sites has been described in detail by Vidon and Hill [2004] . Briefly, water inputs from the hillslope at the Eramosa and Boyne river sites showed little seasonal variation and the water table remained within 0.5 m of the ground surface throughout the year. Groundwater seeps and surface streamlets were observed at the base of the slope throughout the year at both sites. Water flowed toward the surface at the slope bottom between nest 105 and 103 at the Eramosa site (Figure 2a) . Subsurface flow at the Boyne site was mainly parallel to the ground surface across the entire riparian zone although some recharge from surface to deeper sediments occurred between sites 6 -8 (Figure 2b ).
[24] Hillslope discharge and water table elevations were more variable at the Road 10, Speed and Maskinonge sites (Figures 2c -2e ). These sites remained hydrologically connected to uplands throughout the year but water table fluctuations ranged between 0.5 and 1.5 m. Some upward flow near the stream occurred under high water table conditions at the Road 10 site. Although this site is underlain by a thick aquifer, only the upper portion of the aquifer interacts with the riparian zone because of the shallow depth of stream incision into the sand plain surface (Figure 2c ) [Vidon and Hill, 2004] . At the Speed river site, subsurface flow was mainly parallel to the ground surface throughout the year (Figure 2d ). Groundwater at the Maskinonge site discharged toward the surface at the slope bottom between nest 12 and 11 B creating surface seeps and streamlets that later reinfiltrated into the riparian soil between nest 11B-11AB (Figure 2e) . Subsurface flows at the Ganatsekiagon, Highway 27 and Vivian sites (Figures 2f-2h ) showed large seasonal variations with the sites being hydrologically connected to uplands only during spring and in late autumn. During high flow periods, the water table was within 0.7 m of the ground surface at the three sites, but it quickly dropped below 2 m as the riparian zones dried out in the summer.
[25] During high water table periods, mean NO 3 À -N input concentrations to the riparian sites ranged from 0.15 to 44.7 mg L À1 (Table 2) . Although temporal variations during high water table periods were observed, the overall groundwater nitrate patterns at the sites remained similar throughout the 2-year study period. Groundwater nitrate concentrations shown in Figure 3 are representative of these patterns and indicate that a nitrate plume extended from the adjacent field into the riparian zone at all sites except Vivian Creek. At this site, subsurface NO 3 À -N declined rapidly from >10 mg L À1 to <1 mg L À1 near the field edge before reaching the riparian zone (Figure 3h ). Groundwater NO 3 À -N levels declined rapidly to <1 mg L À1 within a short distance from the field-riparian margin at Maskinonge and Highway 27 sites, whereas elevated nitrate concentrations extended for much greater distances across the riparian area at the other sites. [26] At the Boyne river site a nitrate plume extended at depth in the sands beneath the peat for a horizontal distance of >150 m before declining to <5 mg N L À1 near the river bank ( Figure 3b ). Groundwater with high nitrate concentrations also extended across the riparian zone at the Ganatsekiagon site where values were >6 mg N L À1 at site 62 near the stream during a high water table period in early April 2002 (Figure 3f ). On other dates during high water tables at this site groundwater nitrate levels declined to <1 mg N L À1 between site 61 and 62. Small surface streamlets formed by groundwater emerging at the surface near the hillslope at Eramosa, Boyne and Maskinonge sites had elevated nitrate concentrations that extended for varying distances across the riparian area before recharging to underlying soils.
[27] Riparian zone nitrate concentration patterns remained similar throughout the year at the Boyne, Speed and Maskinonge sites and during periods of hydrologic connection to the upland at the Ganatsekiagon and Highway 27 sites. The hydraulic gradient from the field to the riparian zone at the Road 10 site declined to almost zero during the summer and the lateral extent of the zone of high NO 3 À -N concentration gradually decreased to <1 mg L À1 at site 2A in early autumn.
[28] The influence of dilution on nitrate concentrations was evaluated using chloride (Cl À ) as a conservative tracer. Mean Cl À concentrations in the vertical dimension for piezometer nests along the main groundwater flow path from the riparian perimeter shown in Figure 4 are for the same representative high water table date as the nitrate patterns. At the Speed, Eramosa, Maskinonge, Ganatsekiagon, Highway 27 and Vivian sites, chloride concentrations at the riparian perimeter varied between 10 and 30 mg L
À1
and are typical of agricultural areas where KCl fertilizer is used. Higher chloride concentrations occurred in groundwater at the Boyne River and Road 10 sites as a result of deicing salts applied on adjacent roads as well as fertilizer use.
[29] Variations in chloride concentrations were generally small and did not show a progressive decline between the field edge and the piezometer nests that showed a 90% groundwater nitrate decline at Boyne, Road 10, Speed, Eramosa, Highway 27 and Maskinonge (Figure 4) . Riparian groundwater chloride concentrations at the Ganatsekiagon site showed a small increase toward the stream in early April 2002 when we recorded 6 mg N L À1 in groundwater at the channel margin. However, a progressive decline of approximately 40% in chloride levels within the riparian zone was observed on several other dates during high water table periods. Chloride concentrations at the Vivian site also showed contrasting patterns showing little variation along the main subsurface flow path on two dates in spring 2002, whereas they dropped significantly from 66 mg L À1 in the field to 21 mg L À1 at the field edge in early April 2001 (Figure 4d ).
Groundwater Nitrate Removal
[30] The mean nitrate removal during high water table periods was 90% or higher and these efficiencies were maintained all year at the Eramosa, Boyne, Road 10, Speed and Maskinonge sites and during periods of hydrologic connection with the adjacent upland at the Highway 27 and Vivian sites (Table 2 ). In contrast, mean nitrate removal was only 60% at the Ganatsekiagon site under high water table conditions. Dilution by infiltrating rain and snowmelt on some dates produced a groundwater NO 3 À -N decline to <0.5 mg L À1 near the stream. However, when dilution was minor, a groundwater nitrate plume extended to the stream margin (Figure 3f) .
[31] The mean distance from the field-riparian perimeter needed to achieve a 90% removal of groundwater nitrate during high water table periods ranged from only 8 -15 m at the Maskinonge, Road 10 and Highway 27 sites to 37-38 m at the Eramosa and Speed sites and 176 m at the Boyne river site (Table 2) . Variations in this distance among sampling dates were small in the riparian zones indicating that the groundwater nitrate patterns remained similar during high water table periods throughout 2000 -2002. The water table at the field edge was too deep for piezometer installation at the Eramosa and Boyne sites because of the steep 10-15 m drop in elevation. The distance for a 90% nitrate removal at these two sites was calculated from piezometer nests located at the base of the valley slope 18 m (Boyne) and 31 m (Eramosa) from the field boundary. The distance required for a 90% removal was <25% of the entire riparian width at (Table 2) .
[32] Table 3 shows the mean water and nitrate inputs at the riparian perimeter during high water tables as well as the amount of nitrate removed in the riparian zones. The absolute values of these groundwater and nitrate fluxes should be treated with caution because of inherent measurement errors. Large water and nitrate inputs were observed at the Eramosa and Boyne sites which were connected to thick upland aquifers. Water and nitrate fluxes at the strongly sloping Ganatsekiagon site were also large despite only 1.4 m of permeable sediments at the perimeter. Nitrate removal at these three sites was >2 g N d À1 m
À1
perimeter length for high water table conditions.
[33] Despite the thick layer of permeable sediments, a very low water table hydraulic gradient at the Road 10 site resulted in moderate water and nitrate inputs. Moderate water and nitrate inputs were also observed at the Speed and Maskinonge sites (Table 3 ). The average amount of nitrate depleted varied between 0.3 and 1.5 g N d À1 at these three sites for high water table conditions. Low nitrate concentrations and moderate water inputs at the Highway 27 site resulted in small nitrate fluxes at the perimeter. Water inputs were very low and nitrate inputs were negligible, even during high water table periods at the Vivian site because of the shallow depth of permeable upland soil and the low hydraulic gradient.
[34] The nitrate input concentration at the riparian perimeter for high water table conditions was not correlated to the distance necessary to achieve a 90% removal (d 90 ) in the 8 riparian sites (r 2 = 0.12, P > 0.05). When all riparian sites were considered together, the 90% nitrate removal distance was positively correlated to nitrate input flux during high water table periods (r 2 = 0.55, P < 0.05).
[35] The Eramosa and Boyne riparian sites received large seasonally constant groundwater inputs from adjacent thick extensive upland aquifers, whereas the other riparian sites showed considerable seasonal variations in water inputs. Nitrate concentrations of riparian zone subsurface inputs did not show much seasonal variation and 7 of the 8 sites maintained a high efficiency of nitrate removal during periods of hydrologic linkage to adjacent uplands. Consequently, sites with very stable inputs like the Eramosa or Boyne sites had large fluxes and removed a large amount of nitrate throughout the year. These sites are therefore large nitrate sinks within the landscape. Sites that exhibited moderate water and nitrate inputs and removal during high water table periods and had a permanent upland-riparian hydrologic connection that maintained smaller nitrate inputs at other seasons (Road 10, Speed, Maskinonge) function as medium sinks. Sites with a large nitrate input and removal under high water table conditions and little or no inputs at other periods (Ganatsekiagon) may also be considered as medium sinks within the landscape. Sites with small to moderate input fluxes during high water table periods and no inputs for 5 -7 months each year were small sinks and only played a limited role in mitigating nitrate pollution (Highway 27, Vivian).
Riparian Zone Nitrate Inputs and Removal in Relation to Landscape Characteristics
[36] The distance required for 90% groundwater nitrate removal was <15 m at riparian sites with loamy sand or sandy loam sediments overlying a shallow confining unit at depths of 1 -2 m ( Figure 5) . Conversely, in 4 of 5 riparian sites with sands and gravel sediments, a width of >25 m was necessary to achieve a 90% nitrate removal and this distance was often >170 m at the Boyne site where sands were underlain by a confining layer at a depth of 6 m. Comparison among riparian sites also indicated that groundwater nitrate inputs during high water table periods had a significant positive correlation with upland permeable sediment depth (r 2 = 0.80, P < 0.05) and the slope gradient at the uplandriparian zone boundary (r 2 = 0.69, P < 0.05) ( Figure 6 ). The slope length between the riparian zone and interfluve divide, an indicator of the upland area contributing subsurface flow to the riparian zone, also had a significant correlation to groundwater N inputs (r 2 = 0.86, p < 0.05).
Discussion
Groundwater Nitrate Removal Variability
[37] The groundwater chloride data suggest that dilution cannot account for a major portion of the nitrate decrease observed in most of the riparian zones (Figure 4) . Mean chloride concentrations along the main subsurface flow path at the Boyne, Road 10, Speed, Maskinonge and Highway 27 sites varied by <25% between the field edge and the location within the riparian zone where a 90% decline in nitrate concentration occurred, suggesting that biological removal was mainly responsible for the nitrate decrease. Dilution was also not important at the Eramosa site where chloride concentrations increased significantly along the groundwater flow path. This pattern was caused by a downslope increase in chloride concentrations in deeper groundwater that discharged toward the riparian surface between nests 105 and 103, although the nitrate concentration of this groundwater input remained constant (Figure 3a) .
[38] A decline in chloride concentration across the Ganatsekiagon riparian zone on several sampling dates during high water table periods indicated the occurrence of dilution. However, chloride concentrations only decreased by approximately 40% on these dates suggesting that biological removal of nitrate was also important at this site. Chloride concentrations were variable at the Vivian riparian site during high water table periods. Large declines indicate that dilution could account for up to 60% of the nitrate decrease in the field near the riparian perimeter on some dates, whereas minor chloride variations on other dates suggest that dilution was not a factor in the nitrate decline (Figure 4d) .
[39] Reversals of water table slope suggest a flow of stream water into the riparian zone at the Speed and Vivian sites during summer months. However, declines in nitrate concentrations in hillslope inputs occurred upslope from the portion of the riparian zones influenced by a reversal of the water table slope. Previous research indicates that denitrification is an important mechanism of nitrate removal at the Boyne site [Devito et al., 2000a; Hill et al., 2000] . Patterns of elevated d 15 NO 3 -N and acetylene injections into piezometers in a parallel study (P. Vidon and A. R. Hill, Denitrification and patterns of electron donors and acceptors in 8 riparian zones with contrasting hydrogeology, submitted to Biogeochemistry, 2003) also suggest that denitrification largely controls nitrate removal in the other riparian sites.
[40] Data indicate a high mean nitrate removal efficiency of >90% in 7 of the 8 riparian sites. This pattern is consistent with the results of many other riparian studies in the USA and Europe that have reported high nitrate removal efficiencies of >90% [Hill, 1996; Dosskey, 2001] . Although the southern Ontario riparian zones effectively removed nitrate, the riparian width required for this removal varied considerably from <15 m at several sites to 176 m at the Boyne river site. This distance at some sites was only 0 -20% of the riparian width, suggesting a large unused buffer potential, whereas at the Boyne site nitrate depletion required 90-95% of the riparian width and at the Ganatsekiagon site only 60% of the nitrate was removed within the 25 m wide riparian strip. Considerable differences in the The duration of the upland-riparian hydrologic connection is also indicated for each site. Values are the mean of 3 -7 dates during high water table conditions. Figure 5 . Distance necessary to achieve a 90% nitrate removal (m) in relation to the permeable riparian sediment depth (m) and riparian soil texture. width of riparian zone required for nitrate removal have also been documented in a recent study of 14 European sites which recorded nitrate removal rates ranging from 5 to 30% m À1 across the riparian area [Sabater et al., 2003 ].
[41] Variations among riparian zones in the width needed for 90% nitrate removal during high water table periods were not influenced by input nitrate concentrations to the sites. In contrast, Sabater et al. [2003] found that at sites where input NO 3 À -N concentrations were >5 mg L À1 , nitrate removal (% m
À1
) declined with increased nitrate concentrations. Nitrate input load to the 8 riparian sites had a positive correlation with distance for 90% removal, suggesting that a higher nitrate loading increases the width of the riparian area required for nitrate depletion. However, it is also possible that hydrologic flow paths and the greater depth of a confining layer at sites with high nitrate loading affect the riparian width required for nitrate removal.
[42] The results of this study indicate considerable variability in the magnitude of the nitrate sink function among riparian sites in glacial till and outwash landscapes. Two sites (Eramosa and Boyne) function as large nitrate sinks throughout the year, whereas other sites such as the Highway 27 and Vivian sites are minor nitrate sinks because of small nitrate inputs under high water table conditions and the absence of input during summer and early autumn each year. Many previous riparian studies have documented nitrate removal efficiencies of >90% in sites located in landscapes underlain by a shallow impermeable layer, but have not considered that these sites frequently have very small annual subsurface nitrate inputs and function only as minor nitrate sinks within the landscape.
Groundwater Nitrate Removal and Landscape Hydrogeologic Setting
[43] The depletion of nitrate inputs over greater distances in four of five riparian sites with sand and gravel sediments in comparison to sites with loamy sand and sandy loam may be related partly to differences in hydraulic conductivity. The shorter residence times of groundwater in contact with substrates in highly conductive coarse sediments may restrict the development of anaerobic conditions and decrease the amount of nitrate removed. Very coarse-grained sediments also frequently contain very low amounts of organic matter which supports denitrification. The Boyne site indicates how a groundwater nitrate plume can be transported in sands for a long distance across the riparian zone before depletion occurs in localized carbon enriched buried former channel sediments near the river [Devito et al., 2000a; Hill et al., 2000] .
[44] Riparian sediment permeability and depth to a confining unit also influence groundwater flow paths with consequent effects on the width of the riparian zone required for nitrate removal. The rapid thinning of coarse gravel sediments downslope at the Eramosa site and the presence of low conductivity peat at the Maskinonge site forced groundwater to flow upward at the riparian perimeter increasing the interaction with surface organic-rich soils with high nitrate removal potential. Conversely, at sites such as the Boyne River where sands overlie a deep confining layer, groundwater flow traversed the riparian zone below surface riparian peats with high potential for denitrification. The transport of nitrate-rich groundwater beneath riparian areas and discharge to streams has also been reported by Bohlke and Denver [45] Although upward groundwater flow at the uplandriparian margin can increase contact with biologically-active surface soils, it can also induce surface groundwater seeps and areas of overland flow that reduce the time available for nitrate uptake [Hill, 1990; Gold et al., 2001] . High nitrate concentrations were measured in streamlets produced by groundwater seeps at the Boyne, Eramosa and Maskinonge sites. Overland flow at the Maskinonge site recharged to the riparian soil within 3 -4 m and did not significantly increase the distance for 90% nitrate removal (Figure 3e ). Although diffuse streamlets at the Boyne site transported nitrates up to 60 m from the slope base, the groundwater nitrate plume in sand beneath the peat extended a much greater distance across the riparian area. In contrast, at the Eramosa site surface streamlets recharged nitrate-rich groundwater to riparian soils between 102A and 101 and increased the distance required for nitrate removal during high water table periods. During a few days in some years, the lower part of the riparian zone at the Eramosa site was flooded and streamlets with high nitrate concentration flowed into the river. These results suggest that when the riparian zone is wide enough to allow surface water to reinfiltrate into the riparian soil, the impact of seeps on the overall nitrate removal is minor. However, because seeps allow contaminated water to bypass the riparian surface soil, sites with seeps must often be wider than riparian zones without seeps to achieve effective nitrate removal.
[46] The slope gradient at the uplandÀriparian boundary also influenced the distance required for nitrate removal in the riparian zone at some sites. Nitrate removal occurred mainly in the field near the riparian perimeter at the Vivian site because of the low hydraulic gradient and the long water residence time. The hydraulic gradient from the field to the riparian zone was also very low at the Road 10 site and most nitrate removal occurred in less than 15 m despite 5 m of coarse sediments in the riparian zone. Subsurface flow driven by a steeper hydraulic gradient may have resulted in the nitrate plume extending further across the riparian zone. In contrast, the distance required for nitrate removal may have been increased at the Ganatsekiagon site because the slope was directly linked to the channel. Burt et al. [2002] noted that nitrate removal was absent at two sloping riparian sites that lacked a flat area adjacent to the channel.
[47] Significant correlations were found between groundwater nitrate inputs to riparian areas and several landscape characteristics. These correlations reflect the dominant influence of variations in subsurface water inputs on nitrate fluxes to the riparian sites. The depth of upland permeable sediments capable of acting as an aquifer strongly affects the magnitude and duration of subsurface flows entering the adjacent riparian zone. A permanent hydrologic connection between uplands and riparian areas in the southern Ontario landscape was absent at sites with <2 m of permeable sediments [Vidon and Hill, 2004] . Upland slope length may also be a useful indicator of riparian input fluxes in lowland agricultural landscapes where the upslope drainage area contributing to riparian zones is difficult to measure accurately. Slope gradients were similar to hydraulic gradients at the upland-riparian perimeter in landscapes with a shallow confining unit, but often overestimated hydraulic gradients at riparian sites with thick permeable upland sediments. Nevertheless, slope gradient can still be used as an approximate indicator of differences in hydraulic gradient and nitrate flux to riparian zones from thick aquifers. These data suggest that several landscape characteristics that are indicators of upland aquifer size and hydraulic gradient could be used to estimate differences in water and nitrate inputs to riparian zones at the landscape scale.
[48] The results of this study indicate a wide variation in the magnitude of the nitrate sink function among riparian zones. Despite large differences in groundwater nitrate inputs all riparian sites except Ganatsekiagon showed a high efficiency of nitrate depletion. Consequently, landscape characteristics that are correlated with nitrate inputs also frequently identify sites that are major or minor sinks. However, this may not be the case in all landscapes. In some instances, large groundwater nitrate inputs bypass some riparian zones at depth so the sites do not function as large sinks [Bohlke and Denver, 1995] .
[49] Site attributes such as hydric soil status and major geomorphic settings (till, outwash, organic-alluvial deposits) have also been used to identify riparian sites with a high capacity for nitrate removal . In an analysis of five riparian sites in Rhode Island, Gold et al. [2001] found that nitrate removal was 86% in sites with hydric soils, where the water table was within 30 cm of the surface for most of the year, but only 30% of the nitrate was removed in nonhydric sites. Surface groundwater seeps that potentially limit nitrate removal capacity occurred on 53% of the riparian sites sampled in till landscapes and in 10% of the sites in outwash landscapes in southern Rhode Island .
[50] Similar links between these site attributes and riparian zone nitrate removal were not observed in southern Ontario. Seven of the eight riparian sites analyzed had mean nitrate removal efficiencies of >90% although only Eramosa, Boyne. and Maskinonge were hydric soil sites. Sites with nonhydric soils maintained a nitrate removal efficiency of >90% in seasons when the water table declined to >1 m below the surface. In southern Ontario, riparian zones in till landscapes rarely have hydric soils or surface streamlets because the shallow permeable soils overlying dense basal tills can only maintain small discontinuous subsurface flows at most sites. These contrasts between Rhode Island and southern Ontario landscapes suggest that a focus on hydrogeologic factors such as upland permeable sediment depth, topography and riparian lithology may provide a more consistent framework for understanding differences among riparian zones in nitrate removal capacity.
Conclusions and Conceptual Model
[51] The eight riparian sites examined in this study represent a large portion of the range of sites found in glacial till and outwash landscapes in southern Ontario. Our data suggest that the depth of upland permeable sediments capable of acting as an aquifer and the slope gradient at upland-riparian zone margins influence the magnitude and seasonality of nitrate inputs to riparian zones. The texture and depth of permeable riparian sediments overlying a confining layer also influence the effectiveness of the riparian zone as a nitrate sink and the width required for removal. The depth of permeable sediments in uplands and adjacent riparian zones are often similar in landscapes where an impermeable confining unit lies within a few meters of the surface. However, in landscapes with thick surficial aquifers, variations in valley incision can result in considerable differences in permeable sediment depth between upland and riparian areas. A conceptual model linking riparian sediment texture, upland-riparian zone slope gradient and depth of permeable sediments in the upland and the adjacent riparian zone to nitrate buffering capacity is presented in Figure 7 .
[52] The first riparian zone category occurs on areas of level to sloping topography underlain by fine-textured soils behaving as aquitard that extend almost to the surface.
Although this landscape setting was not included in this study, we suggest that despite potentially high denitrification rates, the role of this type of site as a nitrate sink is limited due to small subsurface flow and therefore small nitrate fluxes because of low soil hydraulic conductivity. During snowmelt and rain events, runoff from cropland will occur mainly as overland flow allowing nitrate-contaminated water to bypass the riparian soil.
[53] The second category of riparian zone occurs in landscapes with a thin upland aquifer (1 -2 m) and level to gently sloping topography (<4 -5%). Water inputs from uplands cease during summers and early autumn for this riparian type [Vidon and Hill, 2004] and water and nitrate fluxes are generally very low due to the small hydraulic gradient. Despite potentially high nitrate removal rates due to longer water residence times than at sites with a steeper topography, the role of this riparian type as a nitrate sink is generally limited. The distance necessary to achieve a 90% nitrate removal is likely to be less than 20 m for most of the sites in this category.
[54] Riparian zones linked to thin upland aquifers on steeper topography (>4 -5%) represent a third riparian category. Although water and nitrate inputs may only occur for 5 -9 months a year, sites with highly conductive sediments such as coarse sand may produce large water and nitrate fluxes during high water table periods that can sometime exceed the riparian zone buffering capacity. These sites can vary from small to medium sinks for nitrates. The distance necessary to achieve a 90% removal can be more than 25 m at sites with very coarse sediment texture, especially during periods of maximum flux.
[55] Another category is represented by riparian zones linked to upland aquifers with intermediate thickness (2 -6 m) and level to gently sloping topography. These sites have considerable seasonal variations in groundwater inputs but maintain a continuous upland-riparian zone hydrological connection with small to moderate water and nitrate fluxes throughout the year [Vidon and Hill, 2004] . Unless highly conductive sediments are present, most nitrate removal is likely to occur within 20 m from the riparian perimeter. When highly conductive sediments are present, riparian zone widths of 40 -60 m may be necessary for any significant nitrate removal to occur. These sites are generally small to medium N sinks within the landscape.
[56] Riparian zones linked to upland aquifers with intermediate thickness and steeper topography (>4 -5%) have considerable seasonal variations in subsurface flow although the upland-riparian hydrological connection is generally continuous [Vidon and Hill, 2004] . The steeper slope gradient produces intermediate to large water and nitrate fluxes and a considerable riparian width may be necessary for nitrate depletion to occur when highly conductive coarse sediments allow nitrate-rich groundwater to move well below surface riparian soils. In sites with a concave topography, seeps are often observed at the hillslope base. Unless the riparian zone is large enough to allow surface water to reinfiltrate into the riparian soil before reaching the stream, seeps can negatively affect the buffering capacity of the riparian zone. Sites in this category are generally medium to large nitrate sinks.
[57] Riparian zones linked to thick aquifers (>6 m) may be located on level to gently sloping topography, where the stream channel is incised only 1 -2 m below the landscape surface. As a result of the low hydraulic gradient, groundwater interaction with the riparian zone is restricted to the upper few meters of the aquifer and the water residence time is often relatively long [Vidon and Hill, 2004] . Unless the riparian sediments are highly conductive, most nitrate depletion generally occurs in <20 m. The absence of a steep hydraulic gradient generally only produces small to moderate nitrate and water fluxes and these sites frequently function as small to medium sinks.
[58] Our conceptual model identifies a final riparian hydrologic type that is linked to a thick upland aquifer and has a steep concave topography (locally >15%) at the riparian perimeter as a result of valley incision. These riparian zones have large seasonally constant groundwater inputs and large nitrate fluxes. The reduced depth of permeable riparian sediments often induces groundwater seeps and streamlets that limit interaction with riparian soils and can negatively affect the nitrate removal capacity of the riparian zones in this category. At sites where the depth of permeable sediments in the riparian zone is <2 m, the riparian soil is usually saturated all year and a major portion of groundwater nitrate input bypasses the riparian zone as overland flow. Consequently, nitrate removal is often limited and these sites are likely to be small to medium sinks in the landscape.
[59] If the depth of permeable sediments in the riparian zone is 2 to 6 m, there is often considerable subsurface flow. A confining unit at <6 m forces this groundwater to move laterally across the riparian zone increasing the potential for interaction with subsurface organic deposits that enhance denitrification [Devito et al., 2000a] . Riparian zones in this category may have lower nitrate removal efficiencies (50 -90%), but can still function as major nitrate sinks because of large nitrate inputs throughout the year. However, if despite valley incision, there is still a considerable depth (>6 m) of highly conductive sediments overlying a confining unit in the riparian zone, nitrate-rich groundwater can be transported by deeper flow paths beneath the riparian zone and discharge to the stream relatively unaltered [Bohlke and Denver, 1995] . These sites are small nitrate sinks despite large nitrate fluxes at the perimeter.
[60] It may be possible to use data from maps of soils, topography, and surficial geology to identify these different riparian zone types at the landscape scale. Variations in riparian stratigraphy and sediment permeability can also locally modify subsurface flow path and nitrate removal rates. These site specific characteristics may be difficult to evaluate without individual site studies.
[61] This conceptual model of riparian zone functioning with respect to nitrate removal complements and extends previous research on landscape setting and nitrate removal [Devito et al., 2000a; Gold et al., 2001; Rosenblatt et al., 2001] . Our study is the first to use data from a wide range of riparian sites to examine in detail the interacting effect of upland aquifer depth, topography and sediment lithology on nitrate removal in riparian zones. This classification of riparian zones with respect to nitrate removal can probably be used with minimum modifications in most glacial till and outwash landscapes, but may require modifications in other landscapes and climatic settings. It is important that future research emphasizes the development of process-based conceptual frameworks that link nitrate removal in riparian zones to key landscape characteristics. These conceptual models provide an essential template for understanding and predicting similarities and differences in the water quality function of riparian zones at the catchment and landscape scales.
